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TUflOR1GEh'E:SIS OF DIESEL EKHAUST, GASOLIYE EPAGST, h\rT RELATED EYISSIOPr' 

EX'l'K4CTS ON SENCAR MOUSE SKIN 1 , 2 .  

Stephen ~ e s n o w , ~  Larry L .  T r i p l e t t ,  and Thomas J .  Slaga 

~ a r c i n o ~ e n e s i s  and Metabol ism Branch, Genet ic  Toxicology D i v i s i o n ,  
Heal th  E f f e c t s  Research Laboratory,,  U.S. Environmental P r o t e c t i o n  
Agency, Research T r i a n g l e  Pa rk ,  North Caro l ina  27711; Biology 
D i v i s i o n ,  Oak Ridge Nat iona l  Labora tory ,  Oak Ridge, Tennessee 

Recent advances i n  t h e  f i e l d  of p a r t i c u l a t e  emi'ssions have brought  t o  
l i g h t  s e v e r a l  f a c t s  concerning t h e i r  h e a l t h  e f f e c t s .  (1)  ~ I o s t ' e m i s s i o n  sou rces  
produse r e s p i r a b l e  . p a r t i c l e s  which have o rgan ic  subs t ances  a s s o c i a t e d  wi th  t h e  
i n e r t  ma t r ix  (Waters . -  e t  a l . ,  1979) .  (2)  These o rgan ic  subs tances  r e s u l t  f rom' .  
. p y r o s y n t h e t i c  r e a c t i o n s  a t  o r  near  t h e  combustion source '  and pho tosyn the t i c  
and o x i d a t i v e  p roces ses  which occur  subgequent t o  t h e i r  i n i t i a l  f s rma t ion  
( C r i t t e n d e n  and Long, 1976).  Xany of t h e s e  o rgan ic  subs t ances  a r e  e x t r a c t a b l e  
by b i o l o g i c a l  systems .from t h e  i n e r t  ma t r ix  (HcCormick e t  . a l . ,  1980).  (3)  
Some of t h e s e  m a t e r i a l s  c o n t a i n  known carcin0g.en.s and 'mutagens (Vaters  e t  a l , ,  
1 9 7 9 ) .  Prev ious  work by Kotin and coworkers and M i t t l e r  and Nicholson i n d i c a t e d  

. . 

' ~ e s e a r c h  sponsored by t h e  U .  S .  EPA Con t rac t  No. 79D-X0526 under In t e ragency  
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2  A p r e l i m i n a r y  account  of t h i s  paper  was p re sen ted  a t  t h e  ~ n t e r n a t i o n a l  Symposium 
on t h e  Hea l th  E f f e c t s  of  Diesel '  Exhaust  (Slaga e t  a l . ,  1980b).  
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'Laboratory,  U.  S .  Environmental P r o t e c t i o n  Agency, Research T r i a n g l e  Park,  NC 
27711. . . 



.. . . . 

c o n f l i c t i n g  r e s u l t s  on ' the  mouse s k i n  tumor igen ic i ty  oE d i e s e l  exhaus t  components 
(Kotin e t  ~ l . ,  1966; and ? l i t t l e r  and Yicholson,  1957).  . S i m i l a r  s t u d i e s  ~ i t h  
g a s o l i n e  exhaus t  revea led  a  p o s i t i v e  tun~or igen ic  response upon m u l t i p l e  a p p l i c a -  
t i o n  on mouse s k i n  of condensates  and e x t r a c t s  (Kotin e t  a l . ,  1964; Mitt1e.r  
and ~ i c h o l s o n ,  1957; Hof fmann and Wynder, 1963; Xoffrnann e t  a l .  , 1965) .  Th i s  
s tudy  was performed t o  examine t h e  tumor igen ic i ty  of d i e s e l  exhaus t  p a r t i c u l a t e  
emiss ions  us ing  a  s e n s i t i v e  mouse s k i n  tumorigenesis  model (SENCAR) and t o  
compare the  tumorigenic  potency of p a r t i c u l a t e  emiss ions  from d i e s e l ,  g a s o l i n e ,  
and r e l a t e d  emis s ion  sou rces .  

The SEXC:UI mouse i s  a  relatively new s tock  of c a r c i n o g e n - s e n s i t i v e  an imals  
bhich  up t o  t h l s  t ime has no t  been used e x t e n s i v e l y  i n  b ioas say  programs. A 
d e s c r i p t i o n  of t h e  SENCAR system and of mouse s k i n  tumor igenes is  i n  g e n e r a l  
fo l lows  i n  o r d e r  t o  unders taad  t h e  sLrengths and weaknesses of t h i s  s h o r t - t e r m  
i n  v ivo  ca rc inogenes i s  b ioas say .  -- 

The SENCAR mouse i s  a  mouse s t o c k  se l ec ' t ed  f o r  i t s  i n c r e a s e d  s e n s i t i v i t y .  
t o  two-stage ca rc inogenes i s  u s ing  7,12-dimethylbenz(a)anthracene (DIIBA) a s  t h e  
i n i t i a t o r  and 12 -0 - t e t r adecanoy lphorbo l -13 -ace t a t e  (TPA) a s  t h e  promotor.  
This  system, however, i s  a l s o  more s e n s i t i v e  t o  o t h e r  p o l y c y c l i c  a roma t i c  
hydrocarbons such a s  benzo(a)pyrene (Slaga e t  a l . ,  1980a) .  I n  a d d i t i o n  t o  i t s  
w e l l  documented a b i l i t y  t o  d e t e c t  p o l y c y c l i c  a romat ic  hydrocarbons (Slaga 
e t  a l . ,  1978b),  t h e  mouse s k i n  tumor igenes is  b ioas say  system has  i d e n t i f i e d  
many chemicals  o t h e r  than  p o l y c y c l i c  a romat ic  hydrocarbons a s ' p o t e n t i a l  ca rc ino -  
gens (Table 1 ) .  These chemicals  r e p r e s e n t  a  wide v a r i e t y  of s t r u c t u r a l  c l a s s e s  
i n c l u d i n g :  a ldehyde;  carbamate;  epoxide ;  h a l o a l k y e t h e r ;  ha loa roma t i c ,  ha lo-  
a l k y l k e t o n e ,  a c i d ;  hydroxylamine, l a c t o n e  ; n i t ro samide  ; subfonate  ; su1.tnn.e; 
and u r e a .  Th i s  l i s t  of 32 chemicals  i nc ludes  such  w e l l  known chemical  ca ' rc ino-  . 

. 

gens a s  a f l a t o x i n  B1; b i s ( ch lo rome thy? )e the r ;  chloromethyl  methyl e t h e r ;  
u r e t h a n e ;  N-acetoxy-2-acetamidofluorene; f3-propiolactcjne; N-methyl-.N'-nitro-W- 
n i t r o s o g u a n i d i n e ;  1 ,3-propanesul tone  ; N-nitrosomethyl urea  ; t r i e t h y l e n e a e l a m i i e ;  , 

and 4-n i t roquinol ine-N-oxide .  I n  a d d i t i o n  t o  t h e  mouse s k i n ,  t umor igenes i s  
b i o a s s a y ' s  response  t o  chemicals  o t h e r  t han  p o l y c y c l i c  a roma t i c  hydrocarbons,  
t h i s  system can a l s o  d e t e c t  chemicals  which g i v e ' t u m o r s  i n  t h e  r e s p i r a t o r y  
t r a c t  o f  animals  (Table 2 ) .  ,Of 11 known a n i a p l  r e s p i r a t o r y  ca rc ihogens ,  t h e  , 

.mouse s k i n  tumor igenes is  system has t o  t h i s  d a t e  d e t e c t e d  p o l y c y c l i c  a romat ic  - hydrocarbons,  q u i n o l i n e s ,  and carbamates .  Of . the 11 h i g h l y  s u s p e c t  occupa t iona l  
r e . s p i r a t o t y  ca rc inogens ,  t h e  mouse ' s k i n  tumorigene'sis system has t o  t h i s  d a t e  
d e t e c t e d  chloromethyl.  e t h e r s  and coke oven emis s ions .  Th i s  i n d i c a t e s  t h a t  t h e  
mouse s k i n  tumor igenes is  b ioas say  has a  broad spectrum c a p a b i l i t y  f o r  d e t e c t i n g  
agen t s  t h a t  a r e  bo th  dermal a s  w e l l  a s  nondermal ca rc inogens .  . . 



Table 1. Chemicals Other Than ~ol~cjrcli~ Aromatic ~~d,rocar.bons' 
Detected by Mouse Skin Bioassay 

Chemical .. Class 

Aldehyde: 

Carbamate: 

Reference. : 

Shamberger et a1 .' (1974) Malonaldehyde 

Urethane 
Vinyl carbamate 
Ethyl N-phenylcarbamate 

Salaman and Roe (1953) 
Slaga et al. (1973) 
Dahl et al. (1973) 
Dahl et al. (1980) 
Roe and Salaman (2955) 

Epoxide, Diepoxide Shamberger et al. (1974) 
Van Duuren et al. (1965) 

Glycidaldehyde 

Van Duuren et al. (1965j 
Van Duuren et al. (1965) 
Van ~uuren et al. (1965) 
Zajdela et al. (1980) 

1,2,3,4-Diepoxybutane 
1,2,4,5-Diepoxypentaae 
1,2,6,7-Diepoxyheptane 
Chloroethylene oxide 

Haloalkylether: Bis'(chloromethyl3.ether Van Duuren et al. 11969) 
-' - 

.Zajdela et al. (1980) 
Slaga et al. (1973) 

.- 

Siaza et al. (1973) Chloromethyl methyl ether .- - 
Van Duuren et al. (1969) - 

2',3,&,5-~etrachloronitrobenzene 
2,3,4,6-Tetrachloronitrobenzene 
2,3,5,6-Tetrachloronitrobenzene 
Pentachloronitrobenzene 

Sparle (1966) 
Searle (1966) 
~earle (1966) 
Searie (1966) 

Haloaromatic: 

Haloalkyl ketone, acid: 

Hydroxylamine: 

Chloroacetone 
3-Bromopropionic acid 

Searle (1966) 
Searle (1966) 

Scribner and Slaga (1975) 
,Scribner and Slaga (1975) 
.Slags et al. (1978b) 
'Clayson and Garner (1976) 
Scribner and Slaga (1975) 
Scribner and ~ l a g a  (1975) 
~cribner and Slags' (1975) 
Scribn.er .and Slaga (1975)' 

Lactone : @-Propiolactone Roe and Salaman (1955) 
Slaga et al.' (,1973) 
Hennings and Boutwell (196 

Roe and Salarnan (1955) 
Hennings and Boutwell 

(1969) 

Multifunctional: 

Natural Products: 

Triethylenemelamine 
4 - ~ i t r o q u i n o l i n e - N - o ' x i d e  . . 

Aflatoxin B1 
I 

N-Methyl-N' - n i t r o - N - n i t r ~ s o ~ u i n i d i d e  

Lindenfelser et al. (1974) 

Nitrosamide: Hennings et al. (1978) 
Fujii (1976) 

Roe (1957) Sulfonate: . . Ally1 methylsulfonate 

Sultone : 1,3-Propanesultone Slaga et al. (1973) 

Urea: . . N-Nitrosomethylurea 
, . . . . .  . . . . . . 

Graffi and Hoffman (1966) 
. . . . . . 



T a b l e . 2 .  Response 'of  Carcinogens i n  Humans, Animals, and Mouse Skin 

Occupat ional  Anima 1 Mouse 
Respi ra  t o q  R e s p i r a t o r v  Skin  a 
Carcinogen Carcinogen Tumorigen 

Arsenic  
As.bestos 
Beryl l ium 
Carbama t e s  
Chlorome t h y l e t h e r s  
Chromium 
Coke oven 
Isopropyl. o i l  
MOCX 
Xustard gas .  
Nickel  
- 3 i t r o s a n i n e s  
P o l y c y c l i c  aromatics 
Quinol ines  
Vinyl c h l o r i d e  

a  Frank (1978) .  

'slags e t  a i .  S laga  e f  a l .  

The two b a s i c  p r o t o c o l s  t h a t  can be  employed t o  d e t e c t  chemical  ca rc ino -  
gens i n  t h e  mouse s k i n  tumor igenes is  ass,ay a r e  i l l u s t r a t e d  i n  F i g u r e  1'. 
N u l t i p l e  a p p l i c a t i o n  of t h e  t e s t  agen t  f o r  up t o  60 weeks w i l l  mainly g ive  
r i s e  t o  mal ignant  carcinoma3 of t h e  s k i n .  Th i s  p r o t o c o l ,  f o r  complete ca rc ino -  
gens ,  i s  a  t e s t  f o r  a g e n t s e x h i b i t i n g  both  tumor i n i t i a t i n g  and tumor promoting 
a c t i v i t i e s .  The b ioas say  p r o t o c o l  f o r  tumor i r l i t i a t o r s  i s  a  s i . n g l e a p p l i c a t i o n  
of t e s t  agent  fol lowed one week l a t e r  by m u l t i p l e  a p p l i c a t i o n s  of  a  p o t e n t  
tumor promoter .  Tumor i n i t i a t i o n  i s  one s t e p  of t h e  m u l t i - s t e p  ca rc inogen ic  
p roces s  and invo lves  t h e  convers ion  of a  n o r m a l . c e l 1  i n t o  a  p r e n e o p l a s t i c  one. 
I n  t h e  case  of chemical ca rc inogens ,  it invo lves  t h e  i n t e r a c t i o n  of chemicals  ' 

' 

o r  t h e i r  a c t i v a t e d  forms wi th  c e l l u l a r  DNA. These i n i t i a t e d  c e l l s  remain 
dormant f o r  p e r i o d s  up t o  one y e a r  o r  u n t i l  t hey  a r e  s t i m u l a t e d  t o  p rog res s  
i n t o  h y p e r p l a s t i c  o r  n e o p l a s t i c  l e s i o n s .  Th i s  s t i m u l a t i o n  i s  c a l i e d  tumor 



promotion and i s  accomplished by  a p p l i c a t i o n  o f  c i o t o n  o i l  o r  i t s  most a c t i v e  
component, TPA. An i n i t i a t e d  c e l l  i s ,  t h e r e f o r e ,  an i r r e v e r s i b l y  formed 
p r e n e o p l a s t i c  l e s ' i on  which can be s t i m u l a t e d '  t o  express  t he  t ransformed pheno-.  
t ype ,  

. . . . 

R e l a t i o n s h i p s  between tumor i n i t i a t o r s  and complete carc inogens  have been 
p r e v i o u s l y  d e s c r i b e d .  A v a r i e t y  of s t r u c t u r a l l y  d i v e r s e  chemicals  found i n  

' .  Table 3 a r e  bo th  complete carc inogens  and tumor i n i t i a t o r s  i n  mouse s k i n  from 
C D - 1  and t h e  g e n e t i c a l l y  r e l a t e d  SENCM? mouse. There a r z ,  however, a g e n t s  
t h a t  p p e a r  t o  have only. tumor i n i t i a t i n g  a c t i v i t i e s  i n  mouse s k i n  (Table 4 ) .  
The q u a n t i t a t i v e  r e l a t i o n s h i p  between chemicals  which a r e  complete ca rc inogens  
and tumor i n i t l a t o r s '  i s  desc r ibed  i n  Table 5 .  There i s  e i c e l l e n t  c o r r e l a t i o n  
between t h e  r e l a t i v e  potency of 12 chemicals  which a r e  bo th  complete ca rc inogens  
.and tumor i n i t i a t o r s .  The r e l a t i o n s h i p  between t h e  product ion  of  papi l lomas  
2nd t h e  p roduc t ion  of car'cinomas i n  t h e  same animals  t r e a t e d  w i t h  t h e  s k i n  . . 
tumor i n i t i a t o r  DlIBA o r  benzo(s)pyrene ( B [ a ] P )  i s  shcwn on Table 6 .  A good 
q u a n t i t a t i v e  c o r r e l a t i o n  i s  observed  between t h e  p roduc t ion  of t h e  n m b e r  of ' 

: 

papi l lomas  a f t e r  15 weeks of s c o r i n g  and t h e  number of carcinomas a f t e r  50 
ueeks  of ' scor ing  f o r  an imals '  t r e a t e d  wi th  t h e s e  two s t r o n g  s k i n  tmor  i n i t i a t o r s .  
This  i n d i c a t e s  t h a t  t h e  number of p a p i l l o n a s  p e r  mouse a t  15-20 ueeks c o r r e l a t e s  
s e l l  w i th  t he  number of malignant  carcinomas formed a t  50 weeks, 

Table  3 .  Compaufids m i c h  Are ~ o m ~ l e t e  C a r ~ i n o g e n s ~ a n d  
Tumor I n i t i a t o r s  i n  CD-1 and SENCAR ?louse Skin  

7,12-Dimethylbenz(a)anth 
3-Methylcholanthrene 
Benzo ( a )py rene  
7 - ~ e t h y l b e n z ( a )  an th racen  
GiSenz(a,ki)anthracerie 
5-Xethylchrysene 

S-Propiolact,one racene  
B i s  c l i lororiethyl  , e t h e r  
2-Hydroxybenzo(a)pyrene. 

.e . Benzo(a)pyrene-7,8-oxide 
B e n z o ( a ) p y r e n e - 7 , 8 - W '  
7,12-Dimethylbenz(a)anthracene-3,4-diol 

3 ~ e c h t  e t  a1 .  ' (1979) ,  Slaga" e t  a l .  (1978b),  and ' S l a p  e t  a l . .  (1980b).  
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Fig .  1. Protocols for bioassay of test agents as tumor initiators, tumor 
promotion, cocarcinogens and complete carcinogens. . . . 



a 
Table 4. Agents That Are I)ossibly Pure Tumor Initiators in House Skin 

Benzo(a)pyrene-7,8-diol-9,10-epoxid2 
N-tiethyl-N' - n i t r o - N - n i t ' r o s o g u a n i d i n e  

~ e n z ( a ) a p t h r a c e n e - 3 , 4 - d i o l - 1 , 2 - e p o x i d e  
Benz (a) anthracene 

Dibenz(a,c)anthracene 
, Chrysene . . 

Urethane 
Triethylenemelamine 

a Scribner (1973), Scribner and Slaga (1975), Slaga et al. 
(1973), Slaga, et dl. (1978a), Slaga et al. ( 1 9 7 9 ) T  
Van Duuren, (1976)-' 

Table 5. Comparison of ~oin~lete Carcinogenesis and 
Tumor 'Initiation in Nouse Skia 

a 
Rela t'ive potency 

. . 

Complete carcinogenesis, Tumor initiation, . . 
Compound carcin0m.a~ papillomas 

7,12-~imeth~lbenz (a) anthracene 
3-Hethylcholanthrene 
Bonzo(a)pyrene 
2-Hydroxybenzo(a)pyrene 
7-Bromomethyl-12-methylbenz(a)anthraceqe 
Benzo(a)pyrene-7,8-oxide 
Dibenz(a,h)anthracene 
Benz (a)anthracene 
Dibenz(a,c)anthracene 
Pyrene 
Benzo(a)pyrene-4,5-oxide 
~nthracene 

a Relative potency was determined from dose-response data. 7,12-Dimethylbenz- 
(a)anthracene was given a maximum value of 100 (Slaga et al. , 1980b). 



Table 6 .  Dose Response S t u d i e s  on t h e  A b i l i t y  
of 7,lL-Dimethylbenz(a)aothracene (DMB.4) and  Benzo(a1pyrene (B(a)P)  

t o  I n i t i a t e  Sk in  Tumors i n  SENC.4.R Mice 

# of papi l lomas  % of mice % of mice 
Dose, p e r  mouse wi th  papi l lomas  wi th  carcinomas 

I n i t i a t o r  m o l e s  a t  15 weeks a t  15 weeks. a t  50 weeks b  

a  
?lice were t r e a t e d  one week a f t e r  i n i t i a t i o n  w i t h  twice weekly a p p l i c a t i o n  o f  
5 pg TP4. 

. . 

b Values i n  p a r e n t h e s e s  r e p r e s e n t  % normalized t o  t h e  h i g h e s t  dose t e s t e d  of 
'each agent  (Slaga - .  e t  a l . . ,  1980b). '  

IL4TERI-ALS A?,? tIETHODS 

Sample Genera t ion  and I s o l a t i o n  . . 

The d e t a i l s  of sample g e n e r a t i o n  and i s o l a t i o n  have been repo'rted e l s e -  
where (Huisingh e t  a l .  ,- 1980) .  B r i e f l y ,  t h e  mobile sou rce  szmples c o n s i s t e d  

Table  7 .  Mobile Source Sample Genera t ion  

D e s c r i p t i o n  
Dr iv ing  

Fue 1 Cycle. 

D i e s e l :  Cat :  C a t e r p i l l a r  3304 D i e s e l  No. 2  Mode $,I~ 
Nissan:  Nissan  Datsun 220C D i e s e l  No. 2 HWFET 
Olds Oldsmobile 350 D i e s e l  No. 2  HWFET 
VW Rab: Volkswagon Turbocharged Rabb i t  D i e s e l  No.' 2  HWFET 

,Gaso l ine :  Mustang: 1978 Mustang, 11-30Z, V-8 Unleaded HWFET 
C a t a l y s t  and EGR Gasol ine  . 

a  
Mode I1 c y c l e  was conducted a t  2200 rpo s t e a d y  s t a t e  w i t h  an  85 . lb l oad .  

b ~ i g h w a y  f u e l  economy c y c l e  ( W E T )  was a  10 .24  m i  c y c l e  averaging  48 mph, and 
t a k i n g  12.75 min. 



of p a r t i c u l a ~ e  emiss ions  ' ~ r o m  t h r e e  d i e s e l  f u e l e d  e n g i n e i  (Table 7 ) :  a h e a ~ y -  
duty  C a t e r p i l l a r  3304 engine  mounted on an  engine dynamometer a t  2200 rpm 
s t e a d y  s t a t e  wi th  an 85 pound l o a d ,  and a  Datsun Nissan 220-C, ~ l d s m o b i l e  350,' 
and a  197s 3us tang  11-302 V-8  c a t a l y s t  engine (wi th  emiss ion  c o n t r o l s  u s ing  
unleaded g a s o l i a e )  mounted on a  c h a s s i s  dynamometer u s i n g  a  highway' f u e l  
econorny cyc le  of 10.2G n i l e s  , an average speed o f '  48 mph, and a running time 
o f  12 .75  minutes .  The C a t e r p i l l a r ,  Datsun-Nissan, and Oldsmobile engides ;were  
f u e l e d  wi th  t h e  same b a t c h  of  No. 2 d i e s e l  f u e l .  P a r t i c u l a t e  samples were - 
c o l l e c t k d  us ing  a  d i l u t i o n  t ,unnel i n  which t h e  h o t  exhaus t  was d i l u t e d ,  coo led ,  
and f i l t e r e d  through P a l l f l e x  Te f lon  coa ted  f i b e r g l a s s  f i l t e r s .  

The comparative sou rces  employed were c i g a r e t t e  smoke condensate ,  coke 
oven and roo f ing  t a r  emis s ions .  C i g a r e t t e  smoke condensate  was ob ta ined  by 
condensing smoke. from an 85 rmn non-f i l t e r  Kentucbj  r e f e r e n c e  c i g a r e t t e  2R1. 
Condenszte was c o l l e c t e d  i n  acetone '  and r e f r i g e r a t e d  Dry I ce - i sop r spano l  b a t h .  
C i g a r e t t e  smoke condensate  ace tone  suspens ion  was a d j u s t e d  wi th  a ~ p r o p r i a t e  
amounts o f . a c e t o n e  and w a t e r . '  Coke oven  samples were c o l l e c t e d  from t h e ' t o p  
of a  coke oven b a t t , e r y  a t  Republ ic  S t e e l ,  Gadston, Alabama, us ing  t h e  B a t t e l l e -  
Plassive Volune Sampler.  Due t o  l o c a l  wind c o n d i t i o n s ,  v a r i o u s  types  o f . a e r o . s o l s  
were sampled; t h u s ,  an  unknown b u t  s i g n i f i c a n t  p o r t i o n  of  t h e  emiss ion  sample 
may have beeil from , the  urban  environment.  . Roofing t a r  emiss ion  sample was 
c o l l e c t e d  us ing  a  conven t iona l  t a r  p o t  w i th  e x t e r n a l  propane bu rne r .  P i t c h  
based t a r  was hea ted  t o  360-380°F, and emiss ions  were, c o l l e c t e d  us lng  a  s i x  
f o o t  s t a c k  e x t e n s i o n  and Te f lon  socks i n  a  bag house. 

The. mobile  s o u r c e ,  coke oven, and roo f ing  t a r  emiss . ions,  were Soxh le t  
extracted w i t h  ciiclllurumethane, ~ h e  d'ichloromet'hane removed by evapora t i cn '  
under d r y  n i t r o g e n ,  and t h e  samples shipped i n  coded form i n  d ry  ic.e t o  Oak 
Ridge Na t iona l  L a b o r a t o r i e s  where t h e  aniinal exper iments  were conducted. 
Table  8 d e s c r i b e s  t h e  amount of o r g a n i c  m a t e r i a l  e x t r a c t e d  from t h e  p a r t i c l e s  
w i t h  dichloromethane f o r  each  of t h e  samples and t h e  amount of B(a)P p e r  
mi l l i g ram e x t r a c t  o r  p e r  mi l l i g ram p a r t i c l e  i n  each  sample. The B(a)P a n a l y s i s  
was performed accord ing  t o  the  method o f '  Snook . e t  - .  a l .  (19.76). P e r c e n t  e x t r a c t -  
a b l e  .of o rgan ic  m a t e r i a l  from . the p a r t i c l e s  v a r i e d  from 8% of t h e  Nissan 
sample t o  a  maximum of  99% f o r  the roo f ing  t a r  sample. S ince  c i g a r e t t e  smoke 
condensa te  was no t  a  p a r t i c u l a t e  sample p e f s e ,  t h e  comple te . sample  was used 
i n  t h e  b i o l o g i c a l  a n a l y s i s .  . B ( a ) P  i n  t h e  e x t r a c t s  v a r i e s  from l e s s  than  one 
ng/mg e x t r a c t ,  f o r  t h e  c i g a r e t t e  sample t o  a  h igh  of  1173 ng/olg e x t r a c t  f o r  t h e  
Nissan  sample. 



Animals 

SENCM? mice, a  mouse s t o c k  s e l e c t e d  f o r  i t s  i nc reased  sensitivity t o  
ca rc inogenes i s  a s  desc r ibed  by Boutwell were used i n  t h i s  s tudy  (Bou twe l l j  
1964).  These mice were de r ived  f rom.breeding  Char les  River  C D - 1  mice w i t h  
male STS s k i n  turnor s e n s i t i v e  mice which were o r i g i n a l l y '  de r ived  f rom Rockland 
mice. S e l e c t i o n  was performed by s e n s i t i v l t g  t o  t h e  DPlBA-TPA two-stage system 
of tumor igenes is  f o r  e i g h t  g e n e r a t i o n s .  These mice were i n i t i a l l y  ob ta ined  
from Dr. R'. Boutwell ,  XcArdle Laboratory f o r  Cancer R e s e a ~ c h ,  U n i v e r s i t y  of 
T i i s c o n s i n ,  'ladison, Wisconsin, and now a r e  be ing  r a i s e d  a t  t h e  Oak Ridge 
Na t iona l  Labora tory ,  Oak Ridge', Terinessee. 

' a  
Table  8 .  Benzo(.a)pyrene Analys is  

Sample 

ng R(a)P 
p 2 r m g '  p e r  mg 

E x t r a c t a b l e  (%) e x t r a c t  p a r t i c l e  

. . .  

Diese l  : Cat 
Nissan 
b l d s  
VW Rab 

Gasol ine :  Mustang 4  3 

Comparative 
C i g a r e t t e  - < 1 Sources  :' - - 
Coke 7 . . 478 31.5 
Roof 'Tar >99 889 889 

a  B(a)P a n a l y s i s  was performed, accord ing  ta ~ o o o k  e t  31. (1976).  

Chemicals I 

TPA was ob ta ined  from Dr. P .  Borche r t ,  Uni 'versity of .Minn.esota ,  ? l i rmeapol i s ,  
W, and 'B(a)P from Ald r i ch  Chemical Co. ,  Nilwaukee, WI. A l l  t h e  a g e n t s ' w e r e  
p repa red  under yel low l i g h t  immediately be fo re  u se  'and a p p l i e d  t o p i c a l l y  i n  
0 . 2  m l  o f  s p e c t r a l  q u a l i t y  ace tone .  . . 



Tumor Experiments 

These s t u d i e s  ' employed 80 mice per  t rea tment  group ' (40 of  'each s e x ) .  A l l  
t h e  mice were shaved wi th  s u r g i c a l  c l i p p k r s  two days b e f o r e  t he  i n i t i a l  t r e a t m e n t ,  
and on ly  those, mice i n  t $e  r e s t i n g  phase of  t h e  h a i r  c y c l e  were 1ise.d. F ive .  
dose l e v e l s  were u s e d , f o r  t h e ,  tumor i n i t i a t i n g  ' a c t i v i t i e s  of t h e  v a r i o u s  
samples .  B(a)P was used a s  t h e  s t a n d a r d  f o r  t h e  tumor i n i t i a t i o n  s tudies , . '  
One week a f t e r  a p p l i c a t i o n ,  t h e  t l s .o r  promotor TPA was adminis te red  twice  
Geekly. A l l  samples a t  a i l  doses x e r &  q p l i e d  a s  a s i n g l e  . t r ea tmen t  e x c e p t .  . . 

f o r  t h e  10 mg dose vh ich  was admin i s t e r ed  i n  f i v e  d a i l y  doses of 2  mg. Skin  
tumor format ion  was recorded weekly and papi l lomas g r e a t e r  t han  2 m i n  d iameter  
were inc luded  . i n  t h e  c b u i a t i v e  t o t a l  i f  they  p e r s i s t e d  f o r  on? week o r  l onge r .  
Both t h e  number of mice wi th  tumors and the  numbe,r of tllmors p e r  mouse were 
determined and recorded weekly. A t  random, papi l lomas  and carcinomas were 
r eu~uved  f u r  h i s  Lulugica l  v e r i f i c a t i o n .  

ESULTS &ID DISCUSSION 

. . The o rgan ic  e x t r a c t s  from p a r t i c u l a t e  emissions d e s c r i b e &  p r e y l o u s l y  was' 
a p p l i e d  t o  . the backs of SENCAR mice 'according t o  t h e . p r o t o c o l s  c i t e d  ' i n  M a t e r i a l s  
and Methods. The p roduc t ion  of beqign  papi l lom,as on a  xeekly  b a s i s  i s  desc r ibed  
i n  F i g u r e  2 f o r  bo th  t h e  r e f e r e n c e  s t a n d a r d  B(a)P and t h e  Xissan  sample. I n  
both  c a s e s ,  a f t e r  a  7-8 week. l a t e n t .  p e r i o d ,  t h e  p e r c e n t  of animals bea r ing  
tumors r o s e  d r a m a t i c a l l y  between weeks 8-14 wi th  a  95-10034 tumor inc idence  
observed i n  b o t h  of t h e s e  dose groups .  ?lean number of  papi l lomas  p e r  mouse 
began t o  r i s e  from c o n t r o l  between weeks 6-8 w i t h  a much s1owe.r i n c r e a s e  , than  
t h e  number of aniinals w i th  tumors and a p l a t e a u  be ing  reached a t  approximately 
weeks 22-25. I n  b o t h  c a s e s ,  t h e  numbers of papi l lomas  p e r  animal  range from 
5-.6 p e r  an imal .  

B(a)P e x h i b i t e d  a  l i n e a r  dose response  between 2.52 and i00 .92  pg (10-400 
m o l e s )  i n  b o t h  male and female SENCAR mouse s k i n ' ( F i g u r e  3 ) .  The male animals  
seemed t o  be more s e n s i t i v e  than  t h e  feaiale animals  towards t h i s  car.cinogen, 
a l t hough  t h i s  s e x  d i f f e r . ence  was n o t  ev'ident i n  t h e  complex n i x t u r e  samples 
e v a l u a t e d .  The most a c t i v e  sample t e s t e d  i n  t h i s  s e r i e s  was t h e  coke oven 
e x t r a c t .  The response  of t h i s  sample i n  bo th  male and female an imals  was 
b i p h a s i c .  An i n i t i a l  l i n e a r  dose response was observed betwegn 0 . 1  and 2  mg 
e x t r a c t  w i th  animals  c a r r y i n g  an average  of 5-6 papi l lomas .  The r o o f i n g  t a r  
e x t r a c t  and Nissan e x t r a c t  ( F i g u r e . 4 )  a l s o  produced a  l a r g e  tumor response i n  
bo th  male and female an imals .  



.VE r K S  
WEEKS 

W E E K S  

F i g .  2 .  . SENCAR mouse, s,kin tumor i n i t i a t i o n .  Male SENC-AR mice (40 )  were, 
i n i t i a t e d  w i t h  e i t h e r  a '  s i n g l e  dose of- benzo(a)pyrene  (.50.4 pg) o r  5 . 

d a i l y  t r e a t m e n t s  of Nissan  e x t r a c t  ( 2  mg). .Animals wer'e t hen  t r e a t e d  . 

biweekly wi th  TPA (2  pg) acco rd ing  t o  M a t e r i a l s  and Methods. Numbers 
of mice w i t h  papi l lomas  a s  a  f u n c t i o n  of  t ime a f t e r  t r ea tmen t .  
Upper l e f t :  B(a)P.  Upper r i g h t :  Nissan  e x t r a c t .  Mean number of ' 

papillomas/mouse. Lower l e f t  :' B(a)P. Lower r i g h t :  Nissan  e x t r a c t .  



F i g .  3 .  

-1. 

. . , I I I . .  

..?4 , * .Ib 'a- 

m e m 6 r i r r l u 7  - 

SENCAR mouse s k i n  t u m o r , i n i t i a t i o n .  Dose response  p l o t s  of  mean 
papi l loma formatioa/mouse ( a f t e r  background s u b t r a c t i o n )  and dose  o f  
t e s t  m a t e r i a l .  Animals .were t r e a t e d ,  housed, and sco red  acco rd ing  
t o  procedures  d e s c r i b e d  i n  M a t e r i a l s  ahd Plet'hods. F o r t y  an imals  
were t r e a t e d  i n  each  dose group (5 dose  g r o u p s / s e x / t e s t  agen t )  and 
t h e  number of s u r v i v i n g  an imals  a t  s c o r i n g  is  l i s t e d  i n  p a r e n t h e s e s  
a f t e r  t h e  sample name. Upper l e f t :  B(a)P (4  dose groups)  - male 
(156) .  Upper r i g h t :  ' B(a)P ( 4 d o s e  groups') - female (156) 1 Middle ' 

l e f t :  Coke.o,ven e x t r a c t  - male (195J. Middle r i g h t :  Coke oven 
e x t r a c t  - female (197).  Bottom l e f t : .  Roofing t a r  e x t r a c t  - male 
(19.7). Bottom r i g h t :  Roofing t a r  e x t r a c t  - female (196) .  



Fig .  4 .  SENCAR mouse s k i n  tumor i n i t i a t i o n  dose response  p l o t s  o f  mean 
papillomas/mouse ( a f t e r - b a c k g r o u n d  s u b t r a c t i o n )  and dose of t e s t  
m a t e r i a l .  See F igu re  3 legend f o r  d e t a i l s .  Upper l e f t :  N i s s a a  
e x t r a c t  - ma;le (190),.. Upper r i g h t :  N i s s a n . e x t r a c t '  - female (198) .  . ' . . 

Middle l e f t :  ~ l d s m o b i l e  e x t r a c t  (4 dose groups)  - male (156).  
Middle r i g h t :  Oldsmobile e x t r a c t  (4  .dose 'groups) - female (157) .  
Lower l e f t :  Mustang e x t r a c t  - male (188) .  Lower r i g h t :  Mustang 
e x t r a c t  - female (195) .  



The Oldsmobile sample exhibited a l i n e a r  dose response up t o  1 mg and a 
subsequent  l o s s  of a c t i v i t y  a t  10 rng. The magnitude of t h e  Oldsmobile r e sponse  
was 10- fo ld  lower than  t h a t  found i n  t h e  Nissan,  coke oven, and r o o f i n g  t a r  
samples .  The g a s o l i n e  f u e l e d  Mustang I1 sample a l s o  produced a weak response  
i n  both  male and female an imals .  The "goodness of  f i t "   to to t h e  l i n e a r  
r e g r e s s i o n  a n a l y s i s  i n  t h e  female animals was ex t remely  low, 0.686,  i n d i c a t i a g  
a l a c k  of l i n e a r  dose response .  The C a t e r p i l l a r  aad c i g a r e t t e  smoke condensa te  
produced two t o  t h r e e  t imes  t h e  numbers of tumors a s  found i n  t h e  c o n t r o l s  
(F igure  5 ) .  However, t h e r e  was no observable  dose response  w i t h i n  t h e  doses  
t e s t e d  ( 0 . 1  t o  10 mg). The l a c k  of a c t i v i t y  of t h e  c i g a r e t t e  smoke condensa te  
a l though d i s a p p o i n t i n g  was no t  unexpected.  C i g a r e t t e  smoke condensa te  when 
a p p l i e d  t o  female I C R  Swiss mice tw ice  weekly on ly  produced tumors a t  r e l a t i v e l y  
h igh  dosages ,  (Gori  e t  a l . ,  1977; Wynder and Hoffmann, 1967).  I t  was expec ted  
t h a t  t h e  i n c r e a s e d  s e n s i t i v i t y  of SENCAR mice t o  carc inogens  would a l low 
obse rva t ion  of tumors a f t e r  t r ea tmen t  w i t h  10 mg whole smoke condensa te .  
T h i s ,  however, was n o t  t h e  c a s e .  C i g a r e t t e  smoke condensa te  i s  n o t  a n  e x t r a c t  
of l s o l a t e d  p a r t i c u l a t e s  b u t  a suspens ion  of o r g a n i c s ,  p a r t i c l e s ,  and v o l a t i l e s .  
I t ,  t h e r e f o r e ,  has  n o t  been concen t r a t ed  t o  t h e  same e x t e n t  a s  t h e  o t h e r  
samples .  The d e t e c t a b i l i t y  l i m i t  of t h e  SENC.4.R mouse s k i n  t l m o r i g e n e s i s  a s s a y  
i s  above the  doses and c o n c e n t r a t i o n s  t e s t e d  of t h e  c i g a r e t t e  smoke condecsa t e .  

The format ion  of  spontaneous tumors i n  animals  t r e a t e d  w i t h  ace tone  acd 
promoted tw ice  weekly .with TPA was 0.08 and 0 .05  papillomas/mouse i n  male aod 

. . female an imals ,  r e s p e c t i v e l y .  This  r ep re sen ted  j - 8 %  of  t h e  animals  , w i t h  
.tumors a t  22 weeks a f t e r  i n i t i a t i o n .  Animals i n i t i a t e d  w i t h  up' t o  100.92 pg 
of benzo(a)pyrene fo l lowed by promotion wcth ac'etone a l o n e  d i d  n o t  produce 
tumors.  

A p r e l i m i n a r y  a n a l y s i s  of  t h e  r e s u l t s  ob ta ined  was performed u s i n g  a 
l i n e a r  r e g r e s s i o n  s t a t i s t i c a l  a n a l y s i s  t o  produce potencies of pap i l l omas /  

: animallmg agen t .  The r e s u l t s  df t h e s e  c a l c u l a t i o n s  a r e  found I n  Tab le  10'. 
The R~ o r  "goodness of  f i t "  o f  t h e  d a t a  t o  t h e  l i n e a r  response  was g r e a t e r  
t h a n  0.920 . f o r  e i g h t . o f  twelve  of t h e  t e s t  groups and g r e a t e r  t h a n  0.84 f o r  11 
o u t  ' o f  12 .  Potency v a l u e s  ranged from 0 t o  101.3 papillomas/mouse/mg a g e n t  ;' 
The h i g h e r  of  t h e s e  v a l u e s  were ob ta ined  from t h e  'B(a)P t r e a t m e n t  groups and 
a r e  an  e x t r a p o l a t i o n  from t h e  microgram dose range  where t h e  d a t a  was o b t a i n e d  
t o  t h e  mg range .  Obviously t h i s  number i s  t h e o r e t i c a l  and based on s t r i c t  
l i n e a r i t y  throughout  a 1000-fold dose r ange ,  an  assumption d o t  y e t  proven.  
Also,  it i s  a p h y s i c a l  i m p o s s i b i l i t y  t o  have 100 papi l lomas  on t h e  back  o f  



. , 

F i g .  5. SENCAR mouse s k i n  tumor i n i t i a t i o n  dose response p l o t s  of mean 
papi l lomas/mouse,  ( a f t e r  background s u b t r a c t i o n )  and dose of t e s t  

. mate r i a l , .  See F i g u r e  3 legend f o r  d e t a i l s .  Upper l e f t :  Cater -  
p i l l a r  e x t r a c t  - male (196) .  Upper r i g h t :  C a t e r p i l l a r  e x t r a c t  - 

. . 

female (191) .  Lower r i g h t :  C i g a r e t t e  snoke condens.ate: - male 
(187) .  .Lower r i g h t :  C i g a r e t t e  smoke condensate  - female (194). 



a' mouse. However, f o r  comparative purpbses ;  t h e s e  v a l u e s  g i x e  a  good approxi -  
mation of  t h e  t r u e  v a l u e s .  A r e l a t i v e  ranking of each  of t h e  t e s t  group t o  
each o t h e r  a f t e r  noCmalizing t o  t h e  Nissan. sample i s  a l so '  found i n  Table  . . 10. 

The r e l a t i v e  rankings  of a l l  t h e  samples u s ing  t h e  l i n e a r  r e g r e s s i o n  
a n a l y s i s  i n d i c a t e  t h a t  B(a)P i s  g r e a t e r  i n  potency t h a n  coke oven which i s  
g r e a t e r  t han  roo f ing  t a r  and Nissan .  These samples were g r e a t e r  t h a n  Oldsmobile 
o r  Xustang. These two samples were g r e a t e r  than  c i g a r e t t e  smoke condensa te  
and C a t e r p i l l a r  which were no t  s t a t i s t i c a l l y  d i f f e r e n t  t han  z e r o .  

The r e s u l t s ,  p r e sen ted  he re  confirm and expand t h e  e a r l i e r  o b s e r v a t i o n s  by 
Kotin e t  a l .  on the  tumor igenes is  of d i e s e l  exhaus t  'components (Kot in  e t  a l . ,  
1966) and c l e a r l y  i n d i c i t e  t h e  tumorigenic  p o t e n t i a l  of t h e s e  m a t e r i a l s .  The 
r e s u l t s  a l s o  i n d i c a t e  a  range of response  of d i e s e l  e n g i n e s ,  presumably due t o  
di f ferences  . i n  engine t e c h o l o g y .  

Comparisoi of t h e  tumor da t a  i n  Table 10 w i t h  t h e  B(a)P c o n t e n t  p e r  mg 
e x t r a c t  i n  Table  8 i n d i c a t e  a  l a c k  of c o r r e l a t i o n  between t h e  two pa rame te r s .  , , 

This  sugges t s  t h a t  B(a)P and a s s o c i a t e d  p 'o lycycl ic  a roma t i c  hydrocarbons (PAH) 
,.are not. r e l i a b l e  markers f o r  t w o r i g e n i c  a c t i v i t y  i n  t h e s e  complex mixtures  
and t h a t  o t h e r  non-P:4H c h e m i c a l s . i a  t h e  mixtures  make major c o n t r i b u t i o n s  t o  
t h e i r  o v e r a l l  potency.  

In  conc lus ion ,  t h e  SENCAR mouse s k i n  tumor igenes is  b i o a s s a y  f o r  tumor 
. i n i t i a t i o n  i s  a  q u a n t i t a t i v e  sho r t - t e rm -- i n  v ivo  roden t  c a r c i n o g e n e s i s  system 
which d e t e c t s  a  p a r i e t y  of s t r u c t u r a l l y  d i v e r s e  chemical  ca rc inogens .  This  
b i o a s s a y  system has a l s o  shown i t s  u t i l i t y  i n  e v a l u a t i n g  complex envi ronmenta l  
mix tures  fo.r tumor igenic  p o t e n t i a l . .  I t  g ives  e x c e l l e n t  dose respons:es with 
bo th  pu re  subs t ances  and complex~mix tu re s  and has  shown u t i l i t y  f o r  comparat ive 
potency a n a l y s i s .  A d d i t i o h a l  s t a t i s t i c a l  models a r e  b e i n g  e v a l u a t e d  t o  . . ana lyze  
t h i s  d a t a  and t h e  r e s u l t s  w i l l ' b e  r e p o r t e d  e l sewhere .  . . 



. . 

. . 

a  
Table  10 .  SENCAR Mouse Skin  Tunlor I n i t i a t i o n :  . Sample ' ~ a n k i n ~ s  

. . 

Papillomas/mouse/mg R~ R e l a t i v e  ranking  
. . 

101.3 (M) 0.999 Benzo (a )pyrene  19980 
7 1 . 1 ,  (F) 0: 979 ,13365 

395 2 .00  (?I) 0.960 .' Coke Oven 
1 .65  (P)  0 .922  3  10 

Roofing Tar  . 0 . 6 4 0 .  (ti) 0 .975  126 
i o  7 0.5'71 (F)  0 . 9  77 

100 N i s s a u  0,532. (F) 0,991  
0.507 (M) 0 . 998  -100'. 

Olds 0 .148  (F) 0 .890  28 
0 .  135 0 1 )  . 0.844 27 

Mustang 0.097' .(F) 0 .686 18 
0 .073  (ti) 0 .842  L 4 

. , 

0 c i g a r e t t e  - . o  

C a t e r p i l l a r  0 - 0 
3 - . . i 
i a  A l i n e a r  r e g r e s s i o n  model was a p p l i e d  t o  t h e  i n d i v i d u a l  d a t a  p o i n t s  t o  o b t a i n  , 

. 

bo th  s l o p e  p o t e n c y  and R ~ .  M and F r e f e r  t o  r e s u l t s  from male and female 
an ima l s ,  r e s p e c t i v e l y .  1 

. . I 
i 

. . ,  i 
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